Livestock and fish farming are rapidly growing industries facing the simultaneous pressure of increasing production demands and limited protein required to produce feed. Bacteria that can convert low-value non-food waste streams into singe cell protein (SCP) present an intriguing route for rapid protein production. The oleaginous bacterium Rhodococcus opacus serves as a model organism for understanding microbial lipid production. SCP production has not been explored using an organism from this genus. In the present research, R. opacus strains DSM 1069 and PD630 were fed three agro-waste streams:
Introduction
Single cell protein (SCP) is a protein source from microbial cultures including algae, yeasts, molds, or bacteria for feeding fish, animals and even humans [4, 13, 22, 29, 32, 42] . With continuing increase in the world's agricultural production, SCP is an important protein substitute in the feed industry [2, 7] . Current industrial farming practices mostly use grains (corn and soybeans), as animal and fish feed. Fish feed also includes fishmeal which target food-grade fish that can also be used for human consumption [6] . As the human population increases, it is crucial to identify sustainable, non-food protein sources. Microbes can be used to ferment a variety of low-cost agro-wastes and convert them into value-added products [4] . The recycling of these waste materials can reduce the cost of SCP production significantly [4] . Reports have shown SCP production from agro-wastes such as citric waste [10, 21, 28, 31, 50] , pineapple cannery effluent [30] , yam peels [5] , whey concentrates [35, 40] , corn stover [1] , rice effluent and polishings [36, 49] , soy molasses [9, 12] , hydrolyzed sugar cane bagasse [34] and others. Companies have been working on non-animal, nonvegetable feed for livestock and fish farms using various strains of bacteria and other single-celled organisms [26, 33] . Microbial SCPs represent a potential future nutrient source because bacteria have high protein content and can grow rapidly on low-cost substrates with minimum requirements of soil, water, and temperature conditions [4, 41] . R. opacus strains PD630 and DSM 1069 can aerobically grow on lignin and sugar compounds [18, 19] . Reports indicate that citrus fruit peels, which are by-products of the citrus industry, represent about 65% of the total weight of the processed produce [38] and could become a valuable feed commodity. The agro-waste contains water-soluble carbohydrates such as glucose, and water-insoluble ones such as pectin and cellulose. The pectin can be extracted and used for other industrial and pharmaceutical purposes [27] . Citrus fruit peels are a currently underutilized resource, due to their production volume. The residual peel waste is eliminated at disposal sites since the waste is not usable in the wet state and drying is too costly [38] . Citrus waste has a very low crude protein content (6% on dry basis), therefore a way to enrich the waste nutrient value must be increased if it is to be used for animal or fish feed [31] . Another important agro-waste is corn stover which refers to stalks, leaves and cobs that remain in fields after harvest. Corn stover is one of the primary biomass resources being used for producing cellulosic ethanol in the United States. It has been previously shown that pre-treated corn stover effluents containing lignin can be converted to lipids using Rhodococcus [15, 22] . Rhodococcus organisms are heavily studied and used industrially, but there have been no reports using any Rhodococcus strains to convert agro-waste into SCP. In this paper, we describe SCP production by R. opacus PD630 and DSM 1069 using agro-waste as a potential low-cost substrate.
Materials and methods

Organisms and chemicals
All chemicals were obtained from Fisher Scientific (Hampton, NH, USA) or Sigma Aldrich (St. Louis, MO, USA).
R. opacus DSM1069 and PD630 (DSMZ 44193) strains were purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ, http://www.dsmz.de). Corn stover was sourced from Zea mays L. Pioneer hybrid 36H56 by the Hodge Group at Michigan State University, as described by Liu et al. [23] . Eureka lemons and Valencia oranges were purchased from the grocery store; size reduced, and blended in an industrial blender resulting in a mixture of pulp and juice. The orange and lemon mixtures were frozen and freeze-dried before use.
Media
Two types of media were used during shake flask fermentations in case of both strains: a full media and a minimal media with adjusted carbon and nitrogen source concentrations. [39] . Added to minimal media were nitrogen (DSM1069: NH 4 NO 3 [11] ; PD630: NH 4 Cl [39] ) (1% w/v). The pH was set to 7 in all cases, then the media was autoclaved before use. Cells were first inoculated into aerobic shaker tubes with 10.0 mL full media, and when the absorbance at 600 nm (OD) reached ~ 0.6 the cells were centrifuged and washed twice with minimal media. Cells were then re-suspended in 10 mL minimal media, and 0.10-1.5 mL was inoculated into the adaptation flasks. Adaptation proceeded in minimal media containing 0.1% w/v nitrogen source and the indicated agro-waste carbon source.
Shake tube and flask fermentation
One loop of cells of the specified strain was transferred to 50 mL full medium (pH 7.0) in a 250 mL flask and cultivated by shaking at 150 rpm and 28°C until the absorbance at 600 nm (OD) reached ~ 0.6. Subsequently, cells were centrifuged and washed twice with minimal media. Cells were then re-suspended in minimal media and used to inoculate the 250 mL adaptation flasks containing 50 mL minimal medium (pH 7.0), 0.1% of the indicated nitrogen source (w/v), and the indicated agro-waste carbon source.
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The initial adaptation proceeded for 48 h. Cells were harvested by centrifugation and used to inoculate 250 mL flasks containing 100 mL minimal media, 0.1% indicated nitrogen source (w/v), and the indicated carbon source [orange waste (12.2 mg/mL), lemon waste (12.2 mg/mL), or corn stover effluent (40 mg/mL)] (100 mL). Samples were acquired every 24 h for at least 4 days. Minimal medium without carbon source was used as a negative control.
Agro-waste
Juice, pulp, and peel from oranges and lemons were blended, separately, and frozen at − 20°C until ready for use. A sample of each blend was lyophilized to determine the solid content of the material. The lemon blend resulted in a solid content of 19.4 mg/mL and the orange resulted in 12.2 mg/ mL. The lemon blend was diluted to 12.2 mg/mL to be comparable to the orange substrate directly. Both blends were neutralized to pH 7.0 and autoclave-sterilized, with 0.1% (final) nitrogen content before use. The corn stover solid loading was 40.0 mg/mL. The effluent was neutralized to pH 7.0 and autoclave-sterilized, with 0.1% (final) nitrogen content before use.
Analytical methods
After each sampling, cells were pelleted by centrifugation (5000 rpm, 10 min) and washed in physiological salt solution twice, then the pellets were freeze-dried and cell dry weights (CDW) were recorded to track cell growth. To follow the living cell number, serial dilution and plating (SDP) experiments were done until 10 −8 dilution; then, the results were averaged and converted to colony forming units per mL (CFU/mL).
A Coomassie Plus/Bradford protein assay (Pierce/Thermo Fisher Scientific) was used to determine the total protein concentration in the supernatant/cytosolic material from cell lysate of a pellet resulting from centrifuging 10 mL of the fermentation broth at 24, 48, 72 and 96 h. The cells were lysed using the Qproteome Bacterial Protein Kit (Qiagen). The 0 h protein concentration is the result of assaying the initial, undiluted starting material. Total protein (g/L) was expressed as the amount of protein produced by either R. opacus PD630 or DSM1069 in 100 mL medium.
The distribution of monomeric sugars (arabinose, fructose, galactose, glucose, mannose, and xylose) was detected in the fermentation broth over the course of the experiment. The sugars were not hydrolyzed prior to detection with Dionex/HPLC and the broths were measured unmodified. Individual sugar concentrations were calculated by standard curves relating concentration to peak area. All assays were performed in duplicate, and the averages are reported. The standard deviation was less than 10%.
Quantification of monosaccharides in the respective fermentation broths were performed using high-performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD). Specifically, a Dionex ICS-3000 ion chromatograph with CarboPac PA-1 column was utilized. The temperature of the column was set to 30°C and the eluents A and B were 100% DI water and 200 mM NaOH, respectively. The flow rate was set to 0.35 mL/min. Duplicate samples of the fermentation broths were analyzed and each analyte was quantified using linear regression based on calibration curves of an external standard of glucose, xylose, mannose, galactose, arabinose for the corn stover effluent and fructose were also included for the lemon and orange substrates (following NREL/TP-510-42618). Disaccharides were not reported.
Results and discussion
R. opacus DSM 1069 and PD630 were both able to grow on all three different agro-waste substrates which included lemon waste, orange waste, and corn stover effluent similar to the full media condition (Fig. 1a, b) . Aerobic shake flasks (250 mL) containing 100 mL minimal media (pH 7.0) with 0.1% w/v nitrogen source and the indicated amounts of given agro-waste carbon sources were inoculated according to materials and methods. Subsequent growth was monitored by CDW and SDP (living cell number) measurements. Strains were also grown in a full media (rich) or a minimal media with no carbon source as controls. The full media condition allowed for the most growth of both R. opacus strains (PD630: 12.0 log CFU/mL; DSM 1069: 13.5 log CFU/mL) as compared to the fermentations using the agrowaste substrates after 96 h (Fig. 1) . Growth on corn stover effluent was similar for both strains (PD630: 9.7 log CFU/ mL; DSM 1069: 9.5 log CFU/mL), but the PD630 strain grew better on orange ago-waste (10.4 log CFU/mL) while the DSM 1069 strain grew better on lemon agro-waste (11.8 log CFU/mL). R. opacus PD630 had higher protein contents compared to R. opacus DSM 1069 (Table 1 ; Fig. 2 ). The condition that yielded the highest protein content was growing R. opacus PD630 using lemon agro-waste for 24 h which yielded 2 g/L cell dry weight and 1.25 g/L total protein for a final protein content of 62.6% (Fig. 2a) . The maximum cell dry weight and total protein yielded 3.55 and 1.77 g/L in a 250 mL shake flask after 48 h of fermentation using orange agro-waste as growth substrate by the DSM 1069 strain (Fig. 2d) . The protein contents obtained in this study are comparable to what is found in other industrial feed sources (≤ 72%) [25, 33, 37, 43] with similar amino acid compositions [16, 32, 45] suggesting that R. opacus strains can adequately be used as a protein supplement for animal feed. Monomeric sugar analysis revealed that the citric waste substrates contained differing concentrations of arabinose, fructose, galactose, glucose, mannose, and xylose (Fig. 2) . The sugar composition indicated that corn stover was mainly composed of: 53% glucose, 25% fructose, 17% mannose, and 5% galactose. The orange agro-waste substrate was composed mainly of: 59% glucose, 37% fructose, and 3% mannose, while the lemon agro-waste was mainly composed of: 66% glucose, 32% fructose, and 2% mannose. Arabinose and xylose were detected in all samples at concentrations below 1% as previously reported [8, 22] . Fermentations using orange, lemon or corn stover agro-waste as the sole carbon source utilized glucose, fructose, and mannose ( Fig. 2a-f ). Sugar consumption generally followed same pattern for both strains on all three agro-waste substrates.
Between 92 and 99% of glucose was consumed after 24 h, 100% of fructose was consumed between 24 and 72 h. A similar sugar consumption pattern was seen with the other agro-waste substrates as well as with fermentations using the DSM 1069 strain. The total sugar concentrations became depleted during the first 24 h of the agro-waste fermentations, while CDW and protein concentrations increased; resulting in between 42.2 and 68.2% total protein after the 96 h fermentation ( Fig. 3; Table 1 ). R. opacus DSM 1069 and PD630 were both able to consume sugars from the agrowaste substrates to produce microbial biomass protein during fermentation.
The pH was also monitored during the 96 h fermentations. R. opacus cells grown using orange agro-waste resulted in a drastic drop in pH (PD630 pH 5.1; DSM 1069 pH 4.8) which was unlike what was observed with cells grown using full media (PD630 pH 8.8; DSM 1069 pH 8.0), media using lemon agro-waste (PD630 pH 7.3; DSM 1069 pH 7.0), or media using corn stover (PD630 pH 7.6; DSM 1069 pH 7.1) as a carbon source (Fig. 3) . The pH was not controlled during the shake flask fermentations indicating that any changes in pH result from a change in the cell's metabolism. Fermentations using R. opacus strains growing on different lignin substrates have typically resulted in an increase in pH. Fermentations resulting in decreases in pH have also previously been associated with increases in unsaturated lipid production [18] . Previous experiments have shown that both strains can successfully grow on various lignin-like compounds and can accumulate more than 20% of their own weight in lipids under nitrogen-limited shake flask fermentations [18, 24] . The goal of this study was to maximize protein production and therefore lipid production was not monitored. To minimize lipid production, cells were grown under non-nitrogen-limited conditions.
Rhodococcus species can grow on various agricultural byproducts and lignin-like aromatic compounds [14, 18, 19] . Much work has been done in using R. opacus PD630 and DSM 1069 to bioconvert lignin compounds to produce lipids for use as biofuels [3, 17-20, 44, 46-48] , but no studies have tried to use these organisms to produce proteins for use in fish or animal feeds. The results of this study demonstrate that citric and corn stover agro-wastes have the potential as low-cost fermentation substrates for SCP production using these R. opacus strains. This study determined that corn stover and citric agro-waste can be used to generate microbial biomass protein by culture fermentation without extensive pretreatment or nutrient supplementation. Rhodococcus possess a unique pathway for sugar catabolism and is able to use multiple aromatic carbon substrates. The species is suited to grow on agricultural or industrial waste to produce biofuels, SCP, or other value-added products. Results from this study contribute to the body of knowledge concerning microbial biomass protein production from low-cost agrowaste residues. Fermentations in this study were done in small shake flasks without controlling for pH and other conditions. Protein production could be dramatically increased if conditions (i.e., pH, temperature, substrate concentrations, oxygen concentrations, and incubation time) were optimized and scaled up using bioreactors. The research indicated that biomass protein could be produced from culture fermentations using R. opacus strains growing on citric or corn stover agro-waste. The produced microbial protein can be used for CDW (g/L), Total protein (g/L) Monomeric sugars (mg/ml) Time (h) Fig. 2 Changes in cell dry weight (CDW) (closed circles), total protein (open circles), and monomeric sugars (bar graph) (arabinose, fructose, galactose, glucose, mannose, and xylose) during a 96 h fermentation in a 250 mL flask by R. opacus PD630 using a orange, b lemon, or c corn stover agro-waste or by R. opacus DSM 1069 using d orange, e lemon, or f corn stover agro-waste fortification to livestock and poultry feed or be used as a food source in fish farming. 
